Aims/hypothesis Growth hormone-deficient patients show deterioration of insulin sensitivity and beta cell function. High-dose growth hormone treatment often induces further impairment of insulin sensitivity, leading to an increase in insulin and glucose levels or even, in cases of preexisting beta cell defect, to overt diabetes. However, low-dose treatment may improve insulin sensitivity, although data in humans with detailed metabolic phenotyping are as yet not available. We postulated that long-term low-dose growth hormone replacement, restoring IGF-1 to the low-normal range, might beneficially affect glucose metabolism. Methods We studied prospectively the metabolic responses to 24 and 48 weeks of growth hormone treatment in a small group of six adults with severe growth hormone deficiency (four men, two women; age 40-59 years; BMI 30.2± 1 kg/m 2 ; mean growth hormone dose 0.3 ±0.04 mg/day). All participants underwent an oral glucose tolerance test, euglycaemic-hyperinsulinaemic clamp and hyperglycaemic-hyperinsulinaemic clamp plus i.v. L-arginine on three occasions. Insulin sensitivity was measured by calculating the M value during the steady state of the euglycaemichyperinsulinaemic clamp. Insulin secretion and clearance were estimated from AUC C-peptide , AUC insulin and their ratio at each phase of the hyperglycaemic-hyperinsulinaemic clamp. Results Growth hormone significantly improved insulin sensitivity (M value 13.8±2. ; p< 0.01). Although the insulin response to glucose and arginine decreased slightly, the disposition index, integrating insulin sensitivity and secretion, significantly increased (p<0.01), indicating an improvement in whole-body glucose metabolism. Insulin clearance was not affected during treatment (p>0.05). Conclusions/interpretation Our data indicate that long-term low-dose growth hormone treatment may improve insulin sensitivity and whole-body glucose metabolism in adults with severe growth hormone-deficiency.
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Introduction
Similarities between untreated adult growth hormone deficiency syndrome and the metabolic syndrome, including central obesity and insulin resistance [1] , are proposed to play a major contributing role to the excess rate of cardiovascular morbidity and mortality in these patients [2, 3] .
In adult patients with growth hormone deficiency, treatment with recombinant human growth hormone results in a reduction of visceral fat mass and an increase in lean body mass [4] . However, short-and long-term effects of growth hormone replacement on glucose metabolism are less consistent and have been proved to be dose-dependent. Regardless of dose, the insulin antagonistic effect of growth hormone during the initial phase of growth hormone treatment often induces an insulin-resistant state leading to increased insulin secretion or even, in cases with a preexisting beta cell defect, to overt diabetes [5] [6] [7] [8] . Long-term studies, however, have reported discrepant findings. Thus long-term standard-dose growth hormone replacement (i.e. growth hormone doses titrated to normalise serum IGF-1 levels according to sex and age) led to persistent impairment of [7, 9] or no change in insulin sensitivity [10, 11] . However, investigators using long-term low-dose growth hormone treatment reported gradual but persistent improvement in glucose metabolism in some [12, 13] , but not all studies [14] .
Growth hormone has been shown to stimulate pancreatic beta cell proliferation directly or via IGF-1 [15] , which is considered to play an essential role in enhancing beta cell function [15] [16] [17] [18] and in protecting beta cells from apoptosis [19] independently of growth hormone and most probably via the IGF-1 receptor on the beta cell.
However, existing studies are limited in that they used fasting insulin and glucose-based indices only, rather than the so called 'gold standard' methods, to estimate insulin sensitivity and secretion [4, 6] . Thus, results from these studies do not necessarily reflect the precise phenotype, which may, therefore, account for the somewhat discrepant findings on changes in beta cell function in treated growth hormone-deficient adults [4, 6] . Accurate estimation of beta cell function requires the consideration of insulin sensitivity, due to the well-known inverse relation between insulin sensitivity and insulin secretion along a hyperbolic curve [20] . Moreover, growth hormone has been postulated to decrease the insulin clearance [21, 22] . Hence, a comprehensive analysis of whole-body glucose metabolism should include a detailed and dynamic analysis of insulin secretion, insulin sensitivity and insulin clearance. Finally, these variables need to be integrated within one analytic model, such as the disposition index.
Using highly standardised techniques, we therefore performed detailed investigations of insulin sensitivity and beta cell function after 24 and 48 weeks of low-dose growth hormone therapy in a small group of adult patients with severe growth hormone deficiency. Insulin sensitivity was estimated using euglycaemic-hyperinsulinaemic clamps, while insulin secretion and hepatic insulin clearance were determined by changes in insulin and C-peptide levels during and hyperglycaemic-hyperinsulinaemic clamps with consecutive i.v. L-arginine stimulation tests. Finally, we investigated changes in body composition, lipolysis and cardiovascular risk markers.
Methods
Participants We prospectively investigated six consecutively recruited patients with severe growth hormone deficiency and at least one other pituitary hormone deficiency (four men, two women; age 40-59 years; BMI 30.2±1 kg/m 2 ) ( Table 1) . Four of these patients had clinically nonfunctioning pituitary macroadenomas that were removed via transsphenoidal surgery; the other two had traumatic brain injury. All patients were on stable replacement therapy with thyroid hormone, hydrocortisone, gonadal steroids or desmopressin as appropriate. None of the patients had been on growth hormone replacement therapy before the study was started. Severe growth hormone deficiency was diagnosed by an inadequate growth hormone stimulation in three tests (peak response <3 µg/l during insulin tolerance test, <3 µg/l during glucagon test and <9 µg/l during growth hormone-releasing hormone-arginine test).
The major exclusion criteria included: history of diabetes mellitus, biochemical evidence of impaired hepatic or renal function, history of cardiovascular disease, uncontrolled hypertension, any current inflammatory or malignant disease, and pregnancy.
The study protocol was approved by the Ethical Committee of Charité University Medicine Berlin and performed according to the requirements of the Declaration of Helsinki. Written informed consent was obtained from all participants.
The pre-defined primary endpoint was change of baseline insulin sensitivity after 24 and 48 weeks of treatment with low growth hormone dose in severely growth hormonedeficient patients. Secondary endpoints included changes in insulin secretion and insulin clearance vs baseline, as well as changes in body composition, lipolysis and cardiovascular risk markers (also vs baseline).
Study procedures All participants attended clinical assessments at baseline, and after 24 and 48 weeks of growth hormone treatment. At each of the three visits, patients underwent an oral glucose tolerance test, euglycaemic-hyperinsulinaemic clamp and hyperglycaemic-hyperinsulinaemic clamp with consecutive i.v. L-arginine stimulation test.
A full medical history was obtained at baseline, followed by physical examination and recording of height, weight and both waist and hip circumference for assessment of BMI and WHR. Body composition was estimated in the supine position by bioelectric impedance analysis (BIA101-S; RJL-Systems, Detroit, MI, USA). A 50 kHz, 800 mA current was applied.
Patients were taught to self-administer recombinant human growth hormone (1 mg is equivalent to 3 IU; Genotropin, Pfizer Inc., New York, USA) in the abdominal subcutaneous tissue using a Genotropin pen at 22:00 hours every day. All patients were assigned to a maximal growth hormone dose of 0.003 mg kg −1 day −1 to avoid growth hormone-induced lipolysis [23] . Growth hormone dose was down-titrated after 4 weeks to keep serum IGF-1 concentrations below the 50th percentile for the respective age-related range. From months 1 to 12 the patients were maintained at a mean dose of 0.3± 0.004 mg/day. A study period of 12 months was chosen to avoid transient changes in insulin resistance [24] . During the study, patients were asked to maintain their usual diet and physical activity, and to report if they were started on any new medications.
To adjust for the influence of gonadal steroids on insulin sensitivity [25, 26] , study procedures were performed with the same time interval after a given injection of testosterone in men; in women procedures were performed in the same phase of gonadal hormone substitution.
Following an overnight fast, OGTT was performed at each visit as previously described [27] .
Participants were then investigated on separate days for assessment of whole-body glucose disposal using euglycaemic-hyperinsulinaemic clamps as detailed previously [28] . Clamps were performed for at least 2 h using 40 mIU m −2 min −1 human insulin (Actrapid; Novo Nordisk, Bagsvaard, Denmark) and a variable infusion of 100 g/l glucose (Serag Wiessner, Naila, Germany). Capillary glucose concentrations were monitored every 5 min and levels were maintained between 4.0 and 4.9 mmol/l. In the steady-state condition of the clamp (last 30 min) plasma glucose was adjusted to 4.4 mmol/l. Glucose was measured in urine samples obtained at the end of the clamp to exclude urinary losses. All infusions were administered into an antecubital vein, while blood samples for analysis were drawn from an antecubital vein at the contralateral arm at baseline and during steady state of the euglycaemic-hyperinsulinaemic clamp. Plasma potassium concentrations were controlled before and during the clamp to avoid insulin-induced hypokalaemia. Potassium substitution was not necessary in this study. On a third occasion, the patients underwent a hyperglycaemic-hyperinsulinaemic clamp with consecutive i.v. L-arginine stimulation test for assessment of insulin secretion and clearance [20, 29, 30] . In the morning, after a 12 h fast, a distal forearm vein was punctured with a Teflon cannula (Moskito 123, 18 g; Vygon, Aachen, Germany) in a retrograde fashion for drawing of blood samples. At the same time, an antecubital vein of the contralateral arm was cannulated for infusions. Participants were studied in the supine position with the hand warmed to 60 to 70°C using a heating pad to obtain arterialised venous blood. Both ear lobes were made hyperaemic using Finalgon (4 mg/g nonivamid, 25 mg/g nicoboxil). After baseline samples had been obtained, an intravenous bolus of 200 g/l glucose was given over 2 min to instantaneously raise capillary blood glucose to 8.9 mmol/l (glucose bolus calculated as body weight in kg × 0.3 g glucose). Capillary blood glucose concentrations (from a hyperaemic ear lobe) were determined at bedside every 5 min. Subsequently, the glucose infusion was adjusted to maintain capillary blood Hormone assays Capillary blood glucose and serum insulin concentrations were measured as described previously [27] . Serum C-peptide levels were measured by ELISA (Mercodia, Uppsala, Sweden), with negligible crossreaction with insulin (<0.001%) and proinsulin (<1.8%). Intra-and interassay coefficients of variation were 5%. The sensitivity limit was 15 pmol/l.
Serum cholesterol, triacylglycerol, HDL-cholesterol, LDL-cholesterol and C-reactive protein were measured by standard procedures.
Nonesterified fatty acids were quantified in serum using a commercially available assay (NEFA C; Wako, Neuss, Germany) performed on Cobas Mira (Roche, Basel, Switzerland). The intra-and interassay coefficients of variation were <5% and 4.7% respectively.
Serum IGF-1 was measured as described previously [27] . Normal IGF-1 range was 109 to 284 μg/l, 101 to 267 μg/l, 87 to 238 μg/l and 81 to 225 μg/l in 36-to 40-, 41-to 45-, 51-to 55-and 56-to 60-year-old participants respectively [31] .
Calculations Fasting measurements of glucose, insulin and C-peptide were calculated as the mean of the 0, −5 and −10 min values.
Insulin sensitivity was measured by calculating the M value during the steady state of the euglycaemichyperinsulinaemic clamp using the glucose infusion rate during steady state (µmol/min) divided by body weight (kg) [30] .
The hyperglycaemic-hyperinsulinaemic clamp was divided into the following phases: basal phase (−10, −5 and 0 min), first-phase response to glucose (0-10 min), second-phase response to glucose (30-60 min) and acute response to arginine phase (90-100 min). Insulin secretion and clearance were assessed by calculating [30] the following: (1) firstphase insulin response to glucose and first-phase C-peptide response to glucose: average of measured insulin or C-peptide concentrations during first phase; (2) second-phase insulin response to glucose and second-phase C-peptide response to glucose: average of measured insulin or C-peptide concentrations during second phase; (3) acute insulin response to arginine and acute C-peptide response to arginine: maximal insulin or C-peptide concentrations during acute response to arginine phase after subtracting baseline (90 min) concentration; (4) insulin-AUC time and C-peptide-AUC time : incremental area under the insulin or C-peptide curve that was measured using the trapezoidal rule during each clamp phase; (5) insulin secretion rate (ISR)-AUC time : incremental area under the curve of the pre-hepatic ISR that was calculated using a two-compartment model of C-peptide kinetics (deconvolution method) [32, 33] during each clamp phase; (6) insulin metabolic clearance rate (MCR insulin ): ratio of ISR-AUC:insulin-AUC during the basal phase [33] ; (7) insulin clearance index (ICI) over time: calculated from the ratio of C-peptide-AUC time :insulin-AUC time during each clamp phase [32, 34] ; and (8) disposition index: calculated as index that integrates insulin sensitivity and secretion [20, 34] by multiplying the M value and C-peptide-AUC time during each clamp phase.
Statistical analyses Statistical analyses were performed using SPSS version 16 (SPSS, Chicago, IL, USA). All data are expressed as means ± SEM, unless stated otherwise. We used ANOVA for repeated measures to analyse the effect of 24 and 48 weeks of growth hormone treatment on variables for anthropometry, body composition, insulin sensitivity, insulin secretion, insulin clearance, cardiovascular risk factors and other biochemical variables. Skewed data were logtransformed to obtain normal distribution. The Shapiro-Wilk test was used to test for normal distribution. When ANOVA was significant, serial changes were compared with baseline using Student's t test for paired analysis in case of normally distributed data. For skewed data, the non-parametric Wilcoxon test was used. All significances are two-sided and values of p<0.05 were regarded as statistically significant. Associations between variables were assessed by calculating Spearman correlation coefficients for skewed data and Pearson correlation coefficients for normally distributed data.
Results
Baseline characteristics and anthropometric changes of study participants Baseline characteristics of the study participants are shown in Table 1 . At baseline, all patients had a subnormal serum IGF-1 concentration, which increased significantly during growth hormone treatment (Table 2) . At the end of the study, serum IGF-1 levels were below the 50th percentile for the respective age-related range [31] . According to the new International Diabetes Federation criteria for metabolic syndrome [35] , all patients had an increased waist circumference. No significant changes in BMI, body composition, waist circumference and WHR measurements were observed following 24 weeks or 48 weeks of growth hormone treatment (Table 2) .
Changes in insulin sensitivity Growth hormone successively and dramatically improved insulin sensitivity after 24 and 48 weeks of treatment (M value baseline 13.8±2.6 vs 19.6± 2.6 and 23.7±1.9 µmol kg −1 min −1 at 24 and 48 weeks, respectively; p<0.01) (Fig. 1) . Insulin concentrations during steady state were comparable between the baseline clamps (509.9±53.1 pmol/l) and the follow-up clamps at 24 (525.98±34.2, p=0.75) and 48 (560.1±61.9, p=0.17) weeks of growth hormone treatment.
Relative changes in IGF-1 concentrations were positively correlated with relative changes in insulin sensitivity measurements (M values) obtained after 24 and 48 weeks of growth hormone treatment (r=0.579, p=0.024).
Changes in insulin secretion and insulin clearance The MCR insulin and the ICI, which were estimated at each clamp period, remained unchanged during growth hormone treatment (p=0.4 to p=0.9) (Table 3) .
However, the first and second insulin and C-peptide responses to glucose as well as insulin responses to arginine decreased during growth hormone treatment (Table 3) as may be expected if these adapt metabolically to changes in insulin sensitivity. Similarly, the incremental area under the ISR curve during the first (ISR-AUC 0-10 ) and second responses (ISR-AUC 30-90 ) to glucose as well as insulin responses to arginine (ISR-AUC 90-100 ) decreased after growth hormone treatment (Table 3) .
Basal C-peptide concentration, its first and second phase response to glucose, as well as its response to arginine stimulation, were inversely correlated with insulin sensitivity (Fig. 2) , supporting the notion that reduced secretion is likely to be compensatory in face of improved insulin sensitivity.
The disposition index To integrate the alterations of insulin sensitivity and secretion in a comprehensive model of glucose metabolism, the disposition index was calculated for each of the clamp periods. As shown in Fig. 3 , the disposition index increased significantly (p<0.01), indicating a potential improvement in whole-body glucose metabolism and at least preservation of beta cell function. Relative changes in IGF-1 concentrations were positively correlated with relative changes in the disposition index measurements obtained after 24 and 48 weeks of growth hormone treatment (r=0.54 to r=0.611, p=0.017 to p=0.035).
Changes in metabolic profile, NEFA levels and cardiovascular risk markers NEFA did not change significantly after growth hormone treatment (baseline 0.55±0.11 mmol/l vs 0.46±0.07 and 0.30±0.03 at 24 and 48 weeks, p=0.43 and p=0.094, respectively). However, we did observe a trend towards reduced baseline NEFA concentrations, albeit only after 48 weeks of treatment; this may be explained by the observed improvement in insulin sensitivity.
Similarly, low-dose growth hormone treatment did not significantly modify fasting glucose, fasting insulin, fasting C-peptide, total cholesterol, LDL-cholesterol, triacylglycerol or C-reactive protein levels (Table 2) . However, following oral glucose intake, post-load glucose tolerance improved. Blood glucose levels decreased at 120 min compared with pre-treatment values (p<0.05) ( Table 2 ). At baseline, two patients had normal glucose tolerance and four had impaired glucose tolerance. After 24 weeks of treatment all patients had normal glucose tolerance. After 48 weeks, five patients had normal and one had impaired glucose tolerance. Similarly, HDL-cholesterol levels improved significantly after 24 and 48 weeks of growth hormone treatment (Table 2) .
Discussion
We present novel data showing that long-term, low-dose growth hormone treatment (0.003 mg kg −1 day −1 ) improves insulin sensitivity, preserves beta cell function and improves whole-body glucose metabolism without affecting body composition or inducing lipolysis in severely growth hormone-deficient adults. We postulate that these effects are mediated by the ability of low-dose growth hormone treatment to increase IGF-1 bioavailability in the absence of unfavourable lipolytic effects as observed in higher dose growth hormone replacement [36, 37] . Potential diabetogenic properties of growth hormone were first described in the 1930s, when Biasotti and Houssay reported that hypophysectomy reduced hyperglycaemia in a Values are presented as mean ± SEM; *p<0.05
ACPR, acute C-peptide response to arginine; AIR, acute insulin response to arginine; FCPR, first-phase C-peptide response to glucose; FIR, firstphase insulin response to glucose; SCPR, second-phase C-peptide response to glucose; SIR, second-phase insulin response to glucose dog model of experimental diabetes [38] . Further studies demonstrated that the insulin-antagonistic effects of growth hormone are characterised by an increase in hepatic gluconeogenesis and glycogenolysis, and a decrease in peripheral glucose utilisation [39] . Other studies demonstrated that the predominant insulin antagonistic effect of growth hormone replacement derives from its lipolytic activity [36] , since pharmacological inhibition of lipolytic actions of growth hormone restored [40] or even enhanced insulin sensitivity [41] . However, growth hormone-induced lipolysis has been shown to be dose-dependent, with the lowest growth hormone dose reported to induce lipolysis being 3·3 μg kg −1 day −1 [12, 23, 37] , a dose that is higher than that chosen in our study. In agreement with this, the preservation of NEFA levels and fat body mass in the present study suggests that our low growth hormone dose did not induce lipolysis. This is also supported by previously published studies investigating low-dose growth hormone treatment in growth hormone deficiency patients and in healthy participants [12, 42] . By contrast, IGF-1, which is primarily synthesised by the liver following growth hormone stimulation, has been shown to demonstrate insulin-like effects, probably via the insulin-IGF-1 hybrid receptor [7] . Moreover, treatment with recombinant IGF-1 has consistently been shown to improve insulin sensitivity [7] . In the present study, changes in IGF-1 concentrations were positively associated with changes in measurements of insulin sensitivity. From these observations, it is tempting to speculate that the growth hormoneinduced improvement in insulin sensitivity is mediated through an increase in IGF-1 bioavailability in the absence of the opposing lipolytic and direct insulin-antagonistic effects of higher growth hormone doses. The important association of central adiposity with insulin resistance is widely accepted. By contrast, we found that low-dose growth hormone treatment enhanced insulin sensitivity without modifying body composition, implying that central adiposity may not be the sole contributory factor to the development of insuln resistance in patients with growth hormone disorders. This concept is further supported by studies examining acromegaly patients, in whom increased central adiposity is not a prominent feature, despite the presence of insulin resistance [43] . Additionally, the administration of growth hormone receptor antagonist to those patients improved insulin sensitivity despite an increase in intra-abdominal fat [43] .
Growth hormone exerts direct insulinotrophic effects on the beta cell [44] [45] [46] . High-dose growth hormone treatment increases insulin secretion associated with the early development of insulin resistance [46, 47] , whereas prolonged administration of growth hormone in high doses results in reduced insulin secretion despite increasing insulin resistance, leading to deteriorating glucose tolerance [47] . These data indicate that chronic supraphysiological doses of growth hormone accelerate insulin resistance, compensatory hyperinsulinaemia and subsequent beta cell failure, a feature resembling the long-term sequelae of altered glucose homeostasis in untreated acromegalic patients.
By contrast, other studies have demonstrated the importance of IGF-1 in enhancing beta cell function [15, 16] and protecting beta cells from apoptosis [19] . Indirect evidence implicating IGF-1 in the enhancement of beta cell function has also been reported from studies of knockout mice lacking the beta cell IGF-1 receptor; these studies demonstrate defective glucose-stimulated insulin secretion and glucose intolerance [17, 18] . Considering that impaired beta cell function in face of decreased insulin sensitivity plays a crucial role in the pathogenesis of glucose intolerance [48] , it can be postulated that low IGF-1 in untreated growth hormone deficiency is a major determinant of impaired beta cell function and glucose intolerance in these patients. The inverse curvilinear relation between insulin sensitivity and insulin secretion implies not only that insulin secretion is increased in insulin resistance, but also that increased insulin sensitivity is compensated by reduced insulin secretion [20] . The main outcome in this study, however, was that despite an adaptive reduction in insulin secretion, the improved insulin sensitivity observed in our patients was associated with an improvement in disposition index and, hence, in whole-body glucose metabolism. Moreover, changes in IGF-1 concentrations in the present study were positively associated with the changes in the disposition index. Taken together, this suggests that the increase in bioavailability of IGF-1 after lowdose growth hormone treatment accounts for the observed preservation of beta cell function and for the improvement in whole-body glucose metabolism. Nevertheless, the hyperbolic assumption could not be verified in the present study due to the small number of participants studied. Moreover, data shown in Fig. 2 are more suggestive of a normal adaptive response of insulin secretion to improved insulin sensitivity. Hence, although an improvement occurred, our data are more likely to be indicative of preservation of beta cell function.
In the present study, we also examined C-peptide, besides insulin, to investigate whether compensatory changes in insulin response in participants with increased insulin sensitivity may be entirely explained by changes in insulin secretion or whether altered clearance of endogenous insulin also contributes to this process. C-peptide is not extracted by the liver during its first passage, whereas insulin is extracted to a considerable degree [20, 32] . Hence, the ratio of C-peptide to insulin can give an estimation of insulin clearance. In our study, insulin clearance measures (MCR insulin and ICI time ) did not change significantly after growth hormone treatment.
Hence, the reduced insulin response following glucose and arginine challenges can be entirely explained by the compensatory reduction in insulin secretion.
Finally, along with previous studies [49] , we observed that low-dose growth hormone treatment induced a moderate but significant increase in HDL-cholesterol levels without affecting total and LDL-cholesterol, triacylglycerol and C-reactive protein levels.
We previously showed that healthy women have significantly higher baseline and post-OGTT nadir growth hormone concentrations than men [27] . Hence, it can be assumed that sex may have an impact on growth hormoneinduced changes in glucose metabolism. However, insulin sensitivity and disposition index improved in all patients and changes were comparable in both sexes (p>0.05). Moreover, inclusion of sex as a covariate in the ANOVA model revealed that it had no impact on treatment-induced effects. Nevertheless, due to the small number of participants included in our pilot study (two women, four men), an impact of sex on growth hormone-induced changes in glucose metabolism cannot be ruled out.
The present study has some noteworthy limitations. For example, it was an unblinded single-centre trial without a placebo-treated group and with a relatively low number of participants. However, we are the first to provide long-term data on the effects of low-dose growth hormone replacement in such patients, derived from the investigation of unselected patients and the use of accepted 'gold standard' methods for measurement of insulin sensitivity. Future, randomised, controlled trials should investigate whether the findings observed here can be replicated in larger cohorts. However, the striking and statistically significant differences between groups indicate that the effects of low-dose growth hormone treatment on glucose metabolism are substantial and clinically relevant.
Another limitation is that suppression of hepatic glucose production during euglycaemic-hyperinsulinaemic clamps can be overestimated and glucose rate of disappearance can be underestimated in insulin resistance [50] , as in our growth hormone deficiency patients before growth hormone treatment. However, growth hormone is a potent stimulus of gluconeogenesis and an antagonist for hepatic insulin actions. Hence, an increase in hepatic glucose production and consequent underestimation of glucose rate of disappearance might be expected to occur after, rather than before growth hormone-treatment, so we have no reason to believe that this issue biased our results.
In conclusion, we have shown that long-term, low-dose growth hormone administration improves insulin sensitivity, preserves beta cell function and improves post-load glucose tolerance without modifying body composition, lipolysis and insulin clearance. Our data imply that low-dose growth hormone is possibly the optimal replacement dose to reduce type 2 diabetes risk in adults with severe growth hormone deficiency and concomitant glucose intolerance. However, the mechanisms underlying these effects are still not fully understood, so further investigation is necessary. 
